Homozygous human embryonic stem cells (hESCs) are thought to be better cell sources for hESC banking because their human leukocyte antigen (HLA) haplotype would strongly increase the degree of matching for certain populations with relatively smaller cohorts of cell lines. Homozygous hESCs can be generated from parthenogenetic embryos, but only heterozygous hESCs have been established using the current strategy to artificially activate the oocyte without second polar body extrusion. Here we report the first successful derivation of a human homozygous ESC line (chHES-32) from a one-pronuclear oocyte following routine in vitro fertilization treatment. chHES-32 cells express common markers and genes with normal hESCs. They have been propagated in an undifferentiated state for more than a year (>P50) and have maintained a stable karyotype of 46, XX. When differentiated in vivo and in vitro, chHES-32 cells can form derivatives from all three embryonic germ layers. The almost undetectable expression of five paternally expressed imprinted genes and their HLA genotype identical to the oocyte donor indicated their parthenogenetic origin. Using genome-wide single-nucleotide polymorphism analysis and DNA fingerprinting, the homozygosity of chHES-32 cells was further confirmed. The results indicated that 'unwanted' one-pronuclear oocytes might be a potential source for human homozygous and parthenogenetic ESCs, and suggested an alternative strategy for obtaining homozygous hESC lines from parthenogenetic haploid oocytes.
Introduction
Human embryonic stem cells (hESCs) are derived from the inner cell mass (ICM) of blastocysts and have the ability to differentiate into the three germ layers of our body [1, 2] , which makes them one of the most promising seed cells for future regenerative medicine. One of the main hurdles to their clinical application is that transplantation of their derivatives might lead to allograft rejection [3, 4] . Several strategies have been proposed to overcome this obstacle [5] , including one relatively practical strategy to establish a hESC bank that contains sufficient cell lines with diverse human leukocyte antigen (HLA) genotypes [6, 7] to serve most of the patients in a region. But this strategy needs hundreds of human embryos and might evoke ethical concerns.
Collecting homozygous hESC lines that have common HLA genotypes significantly reduces the number of cell lines required for the repository and maintains a similar matched rate [6, 7] . In this case, tissues differentiated from homozygous hESCs express only one set of histocompatibility antigens and thus are more readily matched to patients with less risk of immunological rejection. In addition, npg the method for deriving homozygous hESCs is thought to be less ethically controversial. Homozygous hESCs are commonly derived from parthenogenesis, by which an oocyte is activated to develop without fusing with sperm. In mammals, most parthenogenetic embryos die shortly after implantation owing to paternal imprinting defects [8] ; therefore, it is believed that no 'viable' embryos are created or destroyed when deriving hESC lines by this means.
In many species, including mouse, bovine, rabbit and nonhuman primates, ESCs have been successfully established from parthenogenetically activated oocytes [reviewed in 9] . Several previous studies have reported the successful activation of human oocytes and the formation of parthenogenetic blastocysts thereafter [10] [11] [12] , but the successful derivation of parthenogenetic hESCs (pESCs) was reported only recently [13] , owing to the inaccessibility of human oocytes and the existing ethical concerns about using viable fresh human oocytes in the process [14] .
In humans, spontaneous parthenoactivation of oocytes has been observed in vivo and is related to the formation of benign ovararian teratomas [15] [16] [17] . With the widespread introduction of assisted reproductive technology (ART), human oocytes can be manipulated and fertilized in vitro. It is suggested that suboptimal conditions [18] , intracytoplasmic sperm injections [19] and cryopreservation [20] might parthenoactivate human oocytes. In most cases, spontaneous parthenogenesis is designated by onepronucleus formation, and the resulting embryos should never be transferred back into the patients. One-pronuclear oocytes are commonly seen following ART treatment and previous studies have suggested that a small part of these oocytes are of uniparental origin [19, [21] [22] [23] ; therefore, these 'unwanted' oocytes could be used for the isolation of homozygous human pESCs rather than wasting fresh human oocytes for deliberate parthenogenetic activation.
In this report, one homozygous human pESC line (chHES-32) was successfully isolated from a one-pronuclear oocyte following in vitro fertilization (IVF) treatment. Traditional ESC features and homozygous state were further characterized.
Materials and Methods

Derivation and growth of chHES-32 cells
The experiment was approved by the ethical committee of the CITIC-Xiangya Reproductive and Genetic Hospital. A one-pronuclear oocyte was used for stem cell derivation, with informed consent from a patient undergoing IVF treatment. The oocyte was cultured in a G-series sequential medium (Vitrolife, Gothenburg, Sweden) to the blastocyst stage at 37 °C in 5% CO 2 , 5% O 2 and 90% N 2 with 95% humidity. The blastocyst was directly plated on mitotically inactivated human embryonic fibroblasts (HEFs), which were cultured in our laboratory from an aborted fetus of 2-3 months of age, as previously described [24] . The cells in the first several passages were cultured in DFSR medium containing DMEM/F12 supplemented with 15% knockout serum replacement, 2 mM nonessential amino acids, 2 mM l-glutamine, 0.1 mM β-mercaptoethanol and 50 ng/ml of basic fibroblast growth factor (bFGF) (all from Invitrogen, Carlsbad, CA). Cells were routinely passaged every 7 days by mechanical cutting. Once established, cells were transferred back to DFSR medium containing 4 ng/ml bFGF for long-term propagation.
In vivo and in vitro differentiation
To carry out an in vivo differentiation assay, 0.5-1 × 10 6 chHES-32 cells were injected intramuscularly into the rear leg of 6-8-week-old mice with severe combined immunodeficiency disease (SCID). After 8-10 weeks, mice were killed and the xenografts were removed and processed for histological analysis by hematoxylin and eosin (H&E) staining.
To carry out an in vitro differentiation assay, chHES-32 colonies cultured on a feeder layer were mechanically cut into small clumps and detached to grow as aggregates in suspension for 4 days in order to form embryoid bodies in DFSR medium without bFGF. The embryoid bodies were then transferred to a gelatin-coated six-well plate for adherent culture for 2 weeks in the same medium, followed by immunocytochemical analysis, or cells were collected to detect imprinted gene expression as described below.
Karyotype analysis
chHES-32 cells were treated with 100 ng/ml demecolcine (Sigma, St Louis, MO) for 4 h and dissociated with 0.05% trypsin/EDTA (Invitrogen) into single cells for standard G-banding analysis. Usually more than 20 metaphases were analyzed for every sample.
Telomerase activity assay
The telomerase activity of chHES-32 cells was measured using the TRAPeze Telomerase Detection Kit (Chemicon, Temecula, USA), according to the manufacturer's instructions.
DNA fingerprinting analysis
Total genomic DNA was extracted from differentiated chHES-32 cells using the DNeasy Tissue Kit (Qiagen, Hilden, Germany), according to the protocol. Fifteen short tandem repeat (STR) loci and Amelogenin were then amplified using the AmpFlSTR ® Identifiler ® PCR Amplification Kit (Applied Biosystems, CA, USA), according to the manufacturer's instructions, and detected using the 3100 Genetic Analyzer (Applied Biosystems).
HLA typing analysis
To carry out HLA typing analysis, chHES-32 cells were transferred to gelatin-plated dishes for further culture to exclude the possibility of contamination with HEFs. Approximately 1 × 10 6 cells were collected for HLA typing. The HLA typing was carried out using the PEL-FREEZ SSP Kit designed for Chinese populations (Dynal Biotech, WI, USA).
Single-nucleotide polymorphism (SNP) analysis
Total genomic DNA was extracted from chHES-32 cells using the DNeasy Tissue Kit (Qiagen) and SNP analysis was performed by the National Engineering Research Center for Beijing Biochip Technology using the GeneChip Human Mapping Nsp Sty Array kit (Affymetrix, Santa Clara, USA). The SNP allelotypes were calculated from scanned data.
Immunocytochemistry
To detect specific hESC markers, chHES-32 cells were fixed in 4% paraformaldehyde in PBS and permeabilized with 0.1% TritonX-100 for 10 min at room temperature. After blocking in 4% goat serum in PBS, the cells were incubated overnight at 4 °C with the following primary antibodies: mouse anti-stage-specific embryonic antigen 1 (SSEA-1) and mouse anti-stage-specific embryonic antigen 4 (SSEA-4) (R&D systems, Minneapolis, USA; 1:50); mouse anti-TRA-1-60 and mouse anti-TRA-1-81 (Chemicon; 1:50); and rat anti-stage-specific embryonic antigen 3 (SSEA-3) and mouse anti-octamer-binding transcription factor (OCT)-3/4 (Santa Cruz Biotechnology, Santa Cruz, USA; 1:50). Localization of antigens was visualized using FITC-conjugated second antibodies (Sigma; 1:400).
Alkaline phosphatase activity was detected using the Fast Red Substrate Pack (Zymed Laboratories, South San Francisco, USA), according to the manufacturer's protocol.
RT-PCR
Total RNA was isolated with TRIzol (Invitrogen) and cDNA was synthesized using 1 mg of total RNA in a 20-µl reaction using the RevertAidTM First Strand cDNA Synthesis Kit (Fermentas Life Sciences, Ontario, USA), according to the manufacturer's instructions. The RT-PCR reaction was carried out under the following conditions: 1.5 min at 95 °C; 30 cycles of 30 s at 95 °C, 30 s at 54-64 °C, 30 s at 72 °C and a 7 min extension at 72 °C. PCR products were separated onto a 1.5% agarose gel, stained with ethidium bromide, visualized, and photographed on a UV transluminator. The product sizes, annealing temperatures and primers that were used are listed in Supplementary information Table S1 .
Real-time PCR analysis of imprinted gene expression
Undifferentiated and differentiated chHES-32 cells from p35-45 were collected for imprinted gene analysis, and cells from a normal hESC line (chHES-35) were used as a control. Total RNA was extracted and reverse-transcribed as described above. Each sample was analyzed in triplicate with 28S as the inner control. The final PCR reaction volume of 10 µl contained 5 µl iQ TM SYBR Green Supermix (Bio-Rad, Hercules, USA), 2 µl 1:4 diluted cDNA template, 3 µl primer mixture and 250 nM of each primer. Thermal cycling was carried out with a 10-min denaturation step at 95 °C, followed by 40 two-step cycles: 15 s at 95 °C, and 60 s at 58 °C. Amplification data were collected by the ABI PRISM 7900 and analyzed using Sequence Detection System 2.0 software (Applied Biosystems). The primers that were used are listed in Supplementary information Table S1 .
Results
Isolation and characterization of chHES-32 cells
The fertilization status was evaluated 16-18 h after insemination and one oocyte exhibited one pronucleus in the center of the ooplasm with a second body extrusion ( Figure  1A ). After culture in sequential medium for 5 days, the oocyte developed to the blastocyst stage with poor morphology ( Figure 1B ). When the blastocyst was directly plated onto mitotic inactivated HEFs, ICM outgrowth occupied most of the colony during the primary culturing. The ICM was mechanically picked up for further serial passaging and a stable hESC line (chHES-32) was successfully derived ( Figure 1C) . The chHES-32 cells exhibited vigorous growth rate during long-term culture and were routinely passaged every 7 days. In culture, the chHES-32 cells displayed typical features of hESCs, including flat colonies, a high nuclear/cytoplasmic ratio and clearly distinguished nucleoli ( Figure 1C inset) . These cells are alkaline phosphatase positive and are immunoreactive for SSEA-3, SSEA-4, tumor rejection antigen 1-60 (TRA1-60), tumor rejection antigen 1-81 (TRA1-81) and OCT-4 ( Figure 1D-1I) , but negative for SSEA-1 (data not shown). In addition, RT-PCR showed that these cells express 10 pluripotency-related transcripts, including OCT-4, NANOG, REX-1, SOX2, LEFTY A, TDGF, FGF4, TERF1, THY1 and DPPA2 ( Figure  2A) , which are specifically expressed in undifferentiated hESCs as described by others [25, 26] .
These cells have been continuously propagated for more than a year (more than 50 passages) and exhibit high proliferation ability. When analyzed at passage 30, chHES-32 cells displayed high telomerase activity comparable with Hela cells (Figure 2B ), which reflects their immortal replication ability. More importantly, a stable karyotype of 46, XX could be well maintained ( Figure 2C ) during long-term culture (analyzed at passages 6 and 49).
Differentiation ability of chHES-32
In vitro, spontaneous differentiation of chHES-32 cells was initiated by suspension culture to induce embryoid body formation, a process that mimics the in vivo gastrulation process and triggers multilineage differentiation of hESCs. On replating day-7 embryoid bodies onto dishes, various types of cells appeared in the outgrowth. Immunocytochemical analysis using antibodies against β-tubulin (ectoderm), smooth muscle antigen (mesoderm) and a-fetoprotein (endoderm) confirmed differentiation into three germ layers ( Figure 3A-3C) .
When chHES-32 cells were injected into the rear legs of SCID mice, teratomas formed later. After 8-10 weeks, teratomas were isolated and histologically examined. Derivatives representing the three germ layers could be found in the tumors, such as cartilage, bone and adipose tissue (mesoderm), neuroepithelium and sebaceous gland (ectoderm) and intestinal epithelium (endoderm) ( Figure  3D-3I) .
Imprinted gene expression
In pESCs, two alleles of imprinted genes are both maternally inherited. Thus, the expression of paternal imprinted genes is absent, while the expression of maternal imprinted genes is doubled. Six well-defined imprinted genes were analyzed in chHES-32 and compared with a normal hESC line, chHES-35. In normal chHES-35 cells, all analyzed imprinted genes were expressed in undifferentiated hESCs npg except insulin-like growth factor 2 (IGF2), which is only expressed in differentiated hESCs as described by others [27] . By contrast, paternally expressed imprinted genes, including small nuclear ribonucleoprotein polypeptide N (SNRPN), KCNQ1 overlapping transcript 1 (KCNQ1OT1), imprinted in Prader-Willi syndrome (IPW), PEG3 and IGF2 were almost not expressed in both differentiated and undifferentiated chHES-32 cells, whereas the expression of the maternally expressed genes H19 and GNAS-associated transcript NESP55 was strong ( Figure 4A ). Real-time PCR confirmed these results and further showed that the expression of H19 in undifferentiated chHES-32 cells is almost twice that in normal chHES-35 cells ( Figure 4B ).
HLA typing and DNA fingerprinting results
HLA typing showed that the HLA-A, -B and -DRB loci of chHES-32 are all identical to one allele of the oocyte donor but did not match any allele of the sperm donor ( Table  1) . To confirm this homozygous origin, DNA fingerprinting analysis was performed. All 15 STR loci and the Amelogenin gene analyzed were homologous. Compared with the DNA genotype of the oocyte donor, the alleles were identical in number and size to the alleles for the donor, except D16s539 (Supplementary information Figure S1 ).
DNA profile
The homozygosity of chHES-32 cells was determined by genome-wide SNP analysis using the Affymetrix 500K microarray. Of a total of 500,447 analyzed SNP sites, 493,314 SNP sites were called by chip hybridization. The homozygous sites comprised 99% of called SNP sites, and the heterozygous sites (listed in Supplementary information Table S2 ) exhibited a normal distribution among different chromosomes ( Table 2) .
Discussion
In IVF treatment, the parthenogenetic origin of onepronuclear oocytes can only be identified when the resulting embryos are haploid. Resultant diploid embryos were previously confirmed to undergo predominantly normal fertilization owing to the asynchronous formation of two pronuclei [19, 21] , and a normal diploid hESC line has been derived from these oocytes [28] . These results coincide with our unpublished data, which show that, out of 16 hESC lines that are derived from one-pronuclear oocytes, the majority were of biparental origin. Surprisingly, one cell line (chHES-32) was found to be parthenogenetic, as shown in this study. This is the first evidence that human homozygous and parthenogenetic ESC lines can be derived from one-pronuclear oocytes following IVF. The cells were extensively characterized and were found to share common features of self-renewal and pluripotency, features that are suggested to define hESCs [26] . For example, they express most of the commonly used hESC markers and specific genes, exhibit a vigorous growth rate and high telomerase activity, have the ability to differentiate into derivatives of all three germ layers both in vivo and in vitro, and maintain a stable diploid karyotype after long-term culture.
The parthenogenetic origin of chHES-32 cells was revealed by imprinted gene expression. Imprinting refers to a phenomenon in which gene expression is regulated in a parentally specific, epigenetic manner. Although several previous studies have reported the epigenetic instability of in vitro cultured hESCs [29, 30] , imprinted genes seem less susceptible to in vitro culture conditions [27] . Thus, the expression pattern of imprinted genes in hESCs might faithfully reflect the original imprinting state of the embryo according to the results of a recent study, the error rate is normally 2-5% when using the same high-resolution SNP microarray to analyze hESCs [34] . Thus, we conclude that chHES-32 cells are a homozygous pESC line. It is particularly interesting to compare the homozygous state of this cell line with the pESCs that are derived from artificially activated oocytes in mice [32, 33] and in humans [13, 34] . Artificial parthenogenesis is routinely induced by activating MII oocytes and preventing second polar body extrusion, which is thought to produce diploid embryos that are more likely to develop to the blastocyst stage [9, 13, [31] [32] [33] . This method has been proved to produce efficient pESCs, but only predominantly heterozygous pESCs could be obtained owing to early recombination events [13, [32] [33] [34] . These cells could be used as autologous stem cells for the oocyte donor, but were of limited use for storage in the hESC bank owing to the heterozygosity of HLA loci. In mice, the incidence of heterozygosity of the major histocompatibility complex (MHC) is 33% in pESCs [33] . In recent studies in humans, all established pESCs were heterozygous in HLA loci [13, 34] .
Parthenogenesis can also be induced by artificially from which it originated and might not be an aberrant consequence of the derivation and propagation process. The fact that chHES-32 cells almost did not express five paternal imprinted genes, but expressed the maternal gene H19 at more than double the level compared with normal hESCs, therefore suggests that the original embryo is solely derived from the maternal genome. Such an expression pattern of imprinted genes was also observed in pESCs from other species [31, 32] . In addition, 16 STR loci scattered in different regions of 12 different chromosomes, plus three HLA (-A, -B and -DRB) loci showing one allelic expression pattern and matching one allele of the maternal genome add further proof for the uniparental origin of this cell line. Genome-wide SNP analysis is regarded as a good tool for identifying the homozygous state of pESCs [33, 34] . In this study, a high-resolution SNP microarray (500K) was used to identify the homozygosity of chHES-32 cells. More than 99% of the analyzed sites either on the whole genome or on each chromosome showed homozygosity. The heterozygous sites detected made up less than 1% and were distributed normally on each chromosome. They can therefore be regarded as the error of the technology; npg activating MII oocytes without preventing second polar body extrusion, which results in a one-pronuclear oocyte with a haploid genome. Haploid cells cannot contribute to the post-implantation development of the embryo unless a spontaneous duplication of the haploid genome (diploidization) occurs [35] . Pluripotent cell lines have been successfully derived from haploid mouse embryos after diploidization [36, 37] . This may provide a putative source for homozygous pESC lines, since no more recombination events will occur in mitosis. The homozygous state of chHES-32 cells when compared with the predominantly heterozygous state in other established human pESC lines [13] suggests that this cell line might originally be haploid with a similar diploidization process to that in mouse occurring thereafter to produce a competent diploid genome for pluripotency. Thus, our results suggest that parthenogenetically activated haploid oocytes may be a source for generating homozygous ESC lines.
Conclusion
Here, we reported the first isolation and further characterization of a homozygous hESC line from a parthenogenetic oocyte following IVF treatment. The results indicate that clinical 'unwanted' one-pronuclear oocytes can be a source for human pESCs, and highlight an alternative strategy of parthenogenetic activation to obtain homozygous hESC lines. This cell line also provides a model to study the function of imprinted genes in cell differentiation.
